The genes encoding the six pyrimidine biosynthesis enzymes from the thermophile Bacillus caldolyticus were characterized by cloning and complementation in Escherichia coli, and b y nucleotide sequence analysis. Nine cistrons are clustered within an 11 kb region of the chromosome, the gene order be i n g : orf l -pyrB-pyrC-pyrA a -pyrA b-orf2-pyrD-pyrF-pyrE. T h is organization of the cluster i s very similar to that of the pyr operon of Bacillus subtilis. Different parts of the B. caldolyticus cluster were cloned in two orientations in the expression shuttle vector pHPS9. Complementation studies in B. subtilis established that expression of the pyr genes was dependent on the vector-borne promoter, suggesting that they are part of an operon, and that the native promoter of the operon had not been cloned. The deduced amino acid sequence of the individual cistrons showed 49 t o 78% identity with the corresponding B. subtilis cistrons. Measurements of the aspartate t r a n sca r ba m y I as e (pyrB), o ro t i d i ne mono p h 0s p h a t e d e ca r box y I a se (pyrF) a nd orotate phosphoribosyltransferase (pyrE) levels in cells grown under different conditions indicated that expression of the operon is repressed 7-9-fold by addition of uracil to the growth medium. Based on the nucleotide sequence in the intercistronic region between orfl and pyrB a regulatory mechanism involving transcriptional termination and antitermination is proposed to control expression of the operon.
INTRODUCTION
The extreme thermophile Bacillus caldobticas together with Bacillns caldotenax and Bacillns caldovelox were isolated as single isolates from a hot spring in Yellowstone National Park, USA (Heinen & Heinen, 1972) . The optimal growth temperature for B. caldo+as is about 72 O C and the maximal temperature for growth about 82 O C (Claus & Berkley, 1986) . Differences in the mol% G + C in the genomes and in DNA/DNA homologies showed that B. caldobticns does not belong to the same species as B. caldotenax and B. caldovelox (Sharp e t al., 1980) . Recent taxonomic studies further showed that B. caldobticzls does not belong to the Bacilltrs stearothermophilas group either (De Bartolomeo e t a/., 1991). The EMBL accession number for the sequence reported in this paper is X73308 (BCPYR).
Thermophilic micro-organisms have received increasing interest in recent years due to their potential use as sources for thermostable enzymes of industrial interest. A number of genes from thermophilic Bacillas strains have been characterized and the deduced amino acid sequences of the gene products compared with their mesophilic counterparts. In many instances the aim was to gain information on the structure-thermostability relationships of the encoded proteins (Eijsink e t al., 1992; Schlatter e t al., 1987; Van den Burg e t al., 1991; Zuber, 1988; Ziilli e t al., 1987) . However, very little is known about the genetic organization and control of expression of biosynthetic pathways in thermophilic Bacillz4.r strains.
Pyrimidine biosynthesis follows the same pathway in all organisms. Six enzyme reactions catalyse the conversion of glutamine (ammonia), bicarbonate, aspartate and phosphoribosylpyrophosphate to UMP, the common precursor of all other pyrimidine nucleotides. In Escherichia coli and Salmonella ophimariam the enzymes are encoded by six genetically unlinked loci (Neuhard & Nygaard, 1987) . Expression of these genes a n d small operons are non-coordinately regulated by a n interplay of the intracellular nucleotide pools. T h e pyrB a n d pyrE genes are regulated t h r o u g h UTP-sensitive transcriptional attenuation (Poulsen e t al., 1984; Roland e t al., 1985) , whereas p y C and pyrD expression is controlled t h r o u g h CTP/GTP-sensitive selection of t h e transcriptional start site which in t u r n influences translation initiation d u e t o formation of secondary structures on the RNA (Serrensen & Neuhard, 1991 ; Ssrensen e t al., 1993; Wilson e t al., 1992) . Thepyr genes in B. mbtilis are organized in a single operon with the gene order pjrB-C-A-D-F-E (Lerner e t a/., 1987; Q u i n n e t al., 1991). Expression of the operon is coordinately repressed by a uracil compound by a n u n k n o w n mechanism (Asahi e t al., 1989; Paulus e t al., 1982) .
In this paper we report the cloning and characterization of the pyrimidine biosynthesis genes from B. caldobticzls. O u r data indicate that the genes belong to a single operon with the same overall organization as found for the pyr operon of B. szlbtilis, a n d that expression of the operon is repressed in cells grown in t h e presence of uracil.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used are described in Table 1 . B. cafdo&ictls DSM405 was grown at 60 "C in mineral salts medium 162 (Degryse e t al., 1978) supplemented with either yeast extract (2.5 g 1-' ) and tryptone (2.5 g 1-'), or with ammonium chloride (10 mM), 0.5 YO glucose and 0-2 % vitamin-free Casamino acids.
E. coli was grown at 37 "C in LB medium (Sambrook et al., 1989) or in AB medium with 0.2% glucose and 0.2% vitamin-free Casamino acids (Clark & Maalae, 1967) . B. stlbtilis was grown at 37 "C in LB medium or in Spizizen mineral salts medium (Spizizen, 1958) with 0.5 YO glucose as carbon source. As solid medium for B. subtilis Spizizen mineral salts medium supplemented with 0.2 % glycerol and 0-2 % glutamate was employed. The following nutrients were added when required : uracil (20 pg ml-'), hypoxanthine (15 pg ml-'), individual amino acids (50 pg ml-'). Antibiotics were used at the following concentrations: ampicillin (100 pg ml-'), chloramphenicol (5 pg ml-'), tetracycline (10 pg ml-'). X-Gal (5-bromo-4-chloro-3-indolyl B-D-galactopyranoside) was used at a final concentration of 40 pg ml-'. Molecular cloning and DNA manipulations. Chromosomal, plasmid and M13 D N A was prepared as described by Sambrook et al. (1989) . Restriction endonucleases, mung bean nuclease, the Klenow fragment of D N A polymerase I and T4 DNA ligase were purchased from Boehringer or Promega and used in accordance with the specifications given by the manufacturers.
E. coli cells were made competent for transformation by the CaC1, method (Sambrook etal., 1989) . Competence in B. stlbtilis was induced by the method of Boylan et al. (1972) . DNA sequencing was accomplished by the chain-termination method (Sanger e t al., 1977) using M13mp18/19 or pUC18/19 as vectors. ssDNA was sequenced with the Sequenase kit (US Biochemical Corp.) with 7-deaza-dGTP to alleviate the problem of compression of the G + C-rich regions frequently encountered in B. caldolytictls DNA. For sequencing dsDNA the template was prepared by the CTAB-DNA precipitation method (Del Sal et al., 1989) , and a TaqTrack sequencing system (Promega). Computer-assisted sequence analysis was done with University of Wisconsin GCG software packages (Devereux eta/., 1984) on a VAX computer. The deduced amino acid sequences were compared with the SwissProt databank and the NBRF protein database by using the FASTA program (Pearson & Lipman, 1988) . RNA secondary structure analysis was performed with the FOLD program using the algorithm of Zuker & Stiegler (1981) .
Polymerase chain reaction (PCR).
The intercistronic region between pyrF and pyrE was amplified using total chromosomal B. caldobticzls DNA and two synthetic primers : thepyrF primer, 5' GCAACACGAATGGAACGGAGG 3', corresponding to nucleotides 9221 to 9241 (Fig. 2) ; and the pyrE primer 5' ATTTCAAGCCCGAGGACCAGG 3', complementary to nucleotides 9724 to 9744 (Fig. 2) . cDNA was synthesized using the pyrE primer, B. caldobtictls total RNA as template, and reverse transcriptase. The resulting cDNA was phenol extracted and ethanol precipitated prior to amplification with the same two primers as above.
Enzyme assays. Exponentially growing cultures were harvested, washed and sonicated. Enzyme activities were measured in the crude sonicated extracts by published methods : aspartate transcarbamylase (Prescott & Jones, 1969), orotidine monophosphate (OMP) decarboxylase (Jensen e t a/., 1982), orotate phosphoribosyltransferase (Paulus et al., 1982 ; Poulsen et a/., 1983) . The reaction temperature was 60 "C and 37 OC with B. caldobticw and B. szrbtilis extracts, respectively. Protein concentrations were determined by the Lowry method with bovine serum albumin as a standard.
RESULTS

Cloning of the pyr genes
Genomic libraries were prepared by digesting B. caldoEyticus DNA with various restriction endonucleases, and ligating the fragments into plasmid pUCl9 digested with the same or a compatible endonuclease. The libraries were used to transform pyrimidine-requiring mutants of E. coli (carB,pyrB, -C, -D, -E and -F) to pyrimidine prototrophy at 42 "C. Plasmids capable of complementing a specific pyrimidine mutation were subsequently tested for their ability to complement the remaining five E. coli pyrimidine biosynthesis mutations. The following five plasmids were obtained from such screenings (Fig. la) : pSY4 (BamHI library), pSY5 (JphI library), pSY6 (Hind111 library), and pSY15 and -16 (partial Jau3AI library). The complementation pattern and the restriction map of these plasmids and of the four subclones pPM4, pPM15, pSYl0 and pSY18 (Fig. l a ) showed that the six pyrimidine biosynthesis genes of B. caldolyticus are clustered on the chromosome, and that they are organized in the following order : pyrB-pyrC-pyrA-pyrD-pyrF-pyrE.
Expression of the pyr genes in 6. subtilis
To test for the presence of Gram-positive promoters within the region, segments containing pyrB-C, pyrA, pyrD and pyrF-E, respectively, were cloned in both orientations in the E. coli/B. subtilis shuttle vector pHPS9, and the ability of the resulting plasmids to complement individual B. subtilis p y mutations was determined (Fig.   1 b) . Plasmid pHPS9 contains a strong Lactococcus lactis promoter, P59, reading into the multiple cloning region.
The copy number of pHPS9 in E. coli is very high, whereas it is only five to six in B. subtilis (Haima et al., 1990a) . Since complementation was only observed with the fragments in one orientation, it was concluded that expression was dependent on transcription from the P59 promoter present on the vector. This further suggested that the genes are organized in an operon transcribed in the direction from pyrB towards pyrE.
Nucleotide sequence
The nucleotide sequence of a 10932 bp region was determined on both strands and across all cloning junctions (Fig. 2) (Fig. 2) .
Identification of the ORFs
The organization of the pyrimidine genes ( Fig. 1 ) and the corresponding ORFs (Fig. 2 ) indicated great similarities with the pyr operon of B. szlbtilis (Quinn e t al., 1991) .
Comparison of the deduced amino acid sequences of the eight fully sequenced ORFs from B. caldolyticus with those of the known Pyr proteins of B. subtilis revealed between 49 and 78 % identity. This identified seven of the ORFs as subunits of the pyrimidine biosynthesis enzymes (Table  2) . One major organizational difference between the pyr clusters of the two organisms was that the coding regions of B. caldolyticuspyrF andpyrE appeared to be separated by a 384 bp non-translated region whereas the two cistrons overlap by 4 bp in B. subtilis. To ascertain that this difference was not the result of a cloning artefact this region of the B. caldolyticus chromosome was amplified by PCR using a primer late in thepJyrF gene and one early in the pyrE gene. The reaction yielded a 523 bp fragment with a restriction endonuclease digestion pattern in accordance with the nucleotide sequence of the intercistronic region (Fig. 2 ). An identical 523 bp fragment was obtained by PCR amplification of B. caldolyticus cDNA using the same primers. The cDNA was derived from total B. caldolyticzls RNA by reverse transcription using the early pyrE primer. This further indicated that the B.
caldolyticuspyrF/pyrE intercistronic region is transcribed. Hincll; N, Nsil; Na, Narl; P, Pstl; Pv, h/ull; 5, Sphl; Sm, Srnal.
Codon usage
A mol% G + C of 59 was calculated for the protein coding regions of the B. caldohtictls pyr cluster (3181 codons). This is considerably higher than found for the homologous regions of B. szlbtilis (Table 3 ). In particular the third codon position showed a strong bias for G or C (73 YO), as has been observed for protein coding regions of other organisms with high G + C content (Kagawa e t al.,
1984; Kimsey & Kaiser, 1992) . This strong bias is particularly pronounced with the Val, Ser, Pro, Thr, Ala, Cys, Arg and Gly codons where 84 to 91 % of them end with G or C ( Table 4) .
Transcription signals
Two regions of partial dyad symmetry were located within the untranslated region between or-7 andpyB. A transcript of this region may form two competing secondary structures. One, located at positions 335-360, resembled a Rho-independent transcriptional terminator consisting of a GC-rich stem-loop structure followed by 8 U-residues (Fig. 3a) . The stability of this hairpin was calculated to be -90 kJ mol-l. The other structure is located between positions 268 and 341. This large and more stable structure (AG = -215 kJ mol-l) includes most of the left stem of the terminator hairpin (Fig. 3a) . In addition, a region of partial dyad symmetry showing some resemblance to a Rho-independent transcriptional terminator was located 15 bp downstream of the last gene of the cluster ( p y E ) .
Pyrimidine regulation of pyr gene expression
The specific activity of aspartate transcarbamylase (pyrB), orotate phosphoribosyltransferase (pyrE), and OMP decarboxylase (p_yrF) was determined in crude sonicated extracts of B. cald0Cytictl.r grown exponentially at 60 OC in minimal medium with or without uracil (20 pg ml-'). For comparison, the activity of two of the enzymes was also determined in extracts of B. stlbtilis grown in similar conditions at 37 OC. As shown in 
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DISCUSSION
The present paper describes the cloning and structural characterization of thepyr genes, encoding the six enzymes (Table 2 ). Furthermore, it shows that the first enzyme of the pathway, carbamoylphosphate synthetase (pyrA), is composed of two nonidentical subunits, like the E. coli and B. szlbtilis enzymes. So far no function has been assigned to ORF2, and a search in the protein databases revealed that the only protein with significant similarity was ORF2 of the B. mbtilispyr operon. The overall genetic organization of the B. caldobticzlspyr region, 0rf7-pyrB-pyrC-pyrAa-pyrAborf2-pyrD-pyvrF-pyrE (Fig. l) , is the same as in B. szlbtilis (Quinn e t al., 1991 subtilzs is dependent on the presence of the P59 promoter located on the vector (Fig. lb) . Secondly, most of the cistrons within the cluster are overlapping. It should be noted that we have not obtained clones containing the entire orfl gene and the putative promoter region from any of our pUC-based libraries. This may be related to the observation that plasmids containing the pjr promoter and o r f l of B. sztbtilis are unstable in E. colz unless the plasmid copy number is reduced (Quinn e t al., 1991) .
Shortly downstream of the last gene in the cluster @yrE) the nucleotide sequence indicates a region of hyphenated dyad symmetry followed by a series of T-residues. This may represent the transcriptional terminator of the operon,
A common feature of several B. sztbtilis biosynthetic operons, including the trp, pztr and pjr operons, is that they contain overlapping cistrons (Ebbole & Zalkin, 1987; Henner e t al., 1984; Quinn et al., 1991) . A similar organization is observed for most of the cistrons in the B. caldo&ictrspyr cluster. Overlapping reading frames may indicate that the genes in question are translationally coupled, i.e. the translational efficiency of one gene in an operon is determined by the translational efficiency of the adjacent upstream gene (Gold, 1988; Oppenheim & Yanofsky, 1980 Fig. 2 and Fig. 3b ), which may permit the upstream Shine-Dalgarno sequence to function as an efficient ribosomal binding site forpyrE.
A ribosomal binding site including a secondary structure has previously been found in gene 38 of the E. colz bacteriophage T4 (Gold, 1988; Tuerk e t al., 1988) . It was proposed that the mRNA is positioned on the 30s subunit such that the hairpin protrudes into the solvent, and hence does not interfere with binding of the 50s subunit (Gold, 1988) . Table 5 ).
Inspection of the nucleotide sequence in the intercistronic region upstream ofpjrB shows that the transcript of that region may form two mutually exclusive stem and loop structures of which the most distal resembles a factorindependent transcriptional terminator. The proximal structure precludes the terminator hairpin from forming and may therefore act as an antiterminator (Fig. 3a) . Since the homologous region of the B. sztbtilis p j r operon encodes a transcript with the potential to form similar secondary structures, we propose that these structures are involved in pyrimidine control of thepyr operon, and that regulation involves transcriptional termination and antitermination by a mechanism similar to the one shown to be involved in the control of trp operon andptrr operon expression in B. stlbtilis (Babitzke & Yanofsky, 1993; Kuroda e t al., 1988; Zalkin & Ebbole, 1988) .
